Differentiation of the pluripotent neuroepithelium into neurons and glia is accomplished by the interaction of growth factors and cell-type restricted transcription factors. One approach to obtaining a particular neuronal phenotype is by recapitulating the expression of these factors in embryonic stem (ES) cells. Toward the eventual goal of auditory nerve replacement, the aim of the current investigation was to generate auditory nerve-like glutamatergic neurons from ES cells. Transient expression of Neurog1 promoted widespread neuronal differentiation in vitro; when supplemented with brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF), 75% of ES cell-derived neurons attained a glutamatergic phenotype after 5 d in vitro. Mouse ES cells were also placed into deafened guinea pig cochleae and Neurog1 expression was induced for 48 h followed by 26 d of BDNF/GDNF infusion. In vivo differentiation resulted in 50 -75% of ES cells bearing markers of early neurons, and a majority of these cells had a glutamatergic phenotype. This is the first study to report a high percentage of ES cell differentiation into a glutamatergic phenotype and sets the stage for cell replacement of auditory nerve.
Introduction
Embryonic stem (ES) cells have the potential to replace tissues lost by injury, disease, or normal aging if lineage differentiation can be controlled. Replicating the intrinsic and extrinsic factors influencing fate choice provides one possible method toward obtaining the specific phenotype of interest for stem cell therapies. Delivery of such cues to ES cells in vivo can be particularly challenging, and transplantation studies face the additional obstacle of immune rejection, which may be circumvented by implantation of undifferentiated ES cells (Drukker et al., 2006; Robertson et al., 2007) , followed by differentiation in vivo.
Glutamatergic spiral ganglion neurons (SGN) that make up the auditory nerve convey sensory information from inner hair cells (IHCs) to the CNS, and are particularly susceptible to death secondary to IHC loss. Regeneration of SGN does not occur endogenously. The advent of new technologies such as cochlear implants has accelerated the need to replace SGN to improve efficacy of these devices, which rely on surviving neurons to restore hearing. Previous reports have found that placement of ES cells or tissue-derived stem cells into the relatively immunoprivileged cochlea eventually yielded a small percentage of neurons, whereas a majority of implanted cells differentiated into glia (Hu et al., 2004 (Hu et al., , 2005a Tamura et al., 2004; Nicholl et al., 2005; Coleman et al., 2006 Coleman et al., , 2007 Corrales et al., 2006; Parker et al., 2007; Ulfendahl et al., 2007) . Chronic intrascalar application of neurotrophic factors (NTFs) increased the number of stem cells that displayed a neuronal phenotype, but the percentage was still Ͻ25% .
Neurogenin 1 (Neurog1) is a proneural basic helix loop helix (bHLH) transcription factor that activates a downstream cascade of NeuroD1, Brn3a, GATA3, and NTF receptors necessary for normal SGN differentiation, migration, and survival Karis et al., 2001; Fritzsch, 2003) . Mice deficient in Neurog1, NeuroD1, or Brn3a display varying degrees of SGN disruption, with SGNs completely absent in Neurog1 null mice (Ma et al., 2000; Kim et al., 2001) . Overexpression of Neurog1 in neural progenitors promotes neuronal differentiation while inhibiting gliogenesis, even in the presence of glial-inducing factors (Sun et al., 2001) .
In the present study, we develop a more efficient approach that allows us to guide ES cell differentiation in vivo. We hypothesized that ES cells could be differentiated toward a glutamatergic neuronal phenotype by inducing neural gene expression with Neurog1, followed by providing endogenous cues to further hone the target phenotype and/or promote survival of the desired phe-notype. Neurog1 is expressed for 48 h in the developing embryonic otocyst (McCormick et al., 1996; Fritzsch, 2003) . We tested whether 48 h transient Neurog1 expression in pluripotent mouse ES cells, combined with brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) treatment could promote ES cell differentiation toward a SGNlike phenotype for auditory nerve replacement.
Materials and Methods
Inducible Neurog1 embryonic stem cell line. ES cells were derived from a parent mouse ES cell line (N7) (Velkey, 2005) containing a tet-inducible Neurog1. The N7 cell line contains a reverse tet transactivator upstream of the constitutively active ROSA26 locus that is puromycin selectable (Kyba et al., 2002) . To derive the N7 line, a plasmid containing the Neurog1 cDNA and an ATG start codon was integrated into the ES cell genome upstream of a tet operon. Downstream of the integration site, a truncated neomycin resistance cassette was placed into the line (Velkey, 2005) , making it G418 selectable.
Cell culture and transfection. To track implanted cells, the N7 cell line was transfected with a plasmid containing enhanced green fluorescent protein (eGFP) driven by the human ubiquitin ligase C (UbC) promoter (Wulff et al., 1990; Schorpp et al., 1996) (Fig. 1 ). The cell line had been previously modified with eGFP driven by the CMV promoter, but we found this construct to be susceptible to methylation on differentiation. N7-Neurog1 (2.75 ϫ 10 6 ) cells were plated in a 6 cm dish and allowed to grow to 60 -70% confluency. The cells were transfected with 2 g of the UbC-eGFP-Hyg R DNA using lipofectamine and PLUS reagent (Invitrogen). Selection with hygromycin for cells that integrated the new UbC construct was followed by identification of individual colonies with well defined edges uniformly expressing eGFP. Colonies were transferred to a 96-well plate and dissociated with trypsin and EDTA. Colonies that survived additional selection in puromycin (2 g/ml) and hygromycin (300 g/ml) were expanded to 75 cm 2 flasks in ES cell maintenance medium consisting of sterile-filtered DMEM (Invitrogen) with 10% ES cell-tested fetal bovine serum (Atlanta Biologicals), 5% embryonic stem cell supplement (DMEM with 24 mg/ml HEPES buffer, 4 mg/ml L-glutamine, and 70 ng/ml ␤-mercaptoethanol) and 0.5 g/ml leukemia inhibitory factor (LIF) (Millipore). One subclone, K9, was chosen based on continuous, homogenous bright eGFP expression 24 -48 h after Doxycyclineinduced (Dox) differentiation of cells in vitro.
Differentiation in vitro. K9 ES cells were expanded in 75 cm 2 flasks to ϳ80% confluency and then plated for differentiation. Cells were washed with 1ϫ HBSS (Invitrogen) to remove growth medium and cellular debris, and then dissociated using 0.25% trypsin and 1 mM EDTA in 1ϫ HBSS for 2 min at 37°C. Dissociation was blocked using complete medium without LIF and cell clumps were triturated to a single-cell suspension. Cells were resuspended in serum-free differentiation medium [80% F12/DMEM; (Invitrogen), 20% Neurobasal medium (Invitrogen), with B27 and N2 supplements, and 10 mM sodium pyruvate (Invitrogen); 80:20 media]. Cells (5 ϫ 10 5 ) per well were plated in 6-well plates. Four sterile, 13 mm diameter Thermanox cell culture coverslips were placed at the bottom of each well and coated with 0.1% gelatin (Sigma).
Expression of the Neurog1 transgene was induced by exposure to 1 g/ml Dox (Sigma) for 48 h, with and without BDNF (20 ng/ml; QED Bioscience) and GDNF (100 ng/ml; Amgen). After 3 d in culture with half-medium changes every 24 h, the serum-free medium was replaced with DMEM containing 5% knock-out serum replacement (Invitrogen) and 5% ES cell supplement without Dox to promote long-term survival.
In vitro assessment: immunostaining. Cells were fixed in 4% paraformaldehyde for 15 min at 24 h, 72 h, and 5 d. Coverslips from three replicate cultures were washed in phosphate buffered saline (Dulbecco's PBS; Invitrogen) and incubated overnight at 4°C with the antibodies to Neurog1 (1:100; Millipore), the neuronal marker TUJ1 (class III ␤-tubulin, 1:300; Covance), VGLUT1 and VGLUT2 (both 1:500; Synaptic Systems), and glial fibrillary acidic protein (GFAP, 1:1500; Advance Immunochemical) diluted in 0.1% Triton-X in PBS. The coverslips were washed with D-PBS and TUJ1 binding was visualized using an Alexa 633 secondary (1:500; Invitrogen). VGLUT1 and VGLUT2 were visualized using Alexa 594 nm (1:500; Invitrogen). GFAP was visualized with Alexa 568 (1:300; Invitrogen).
In each treatment group, the cell number from three coverslips from each of the three replicate cultures was quantified (n ϭ 9 coverslips/ group). Nine images were taken from each coverslip using an Olympus FluoView 500 Confocal microscope (n ϭ 81 images/treatment group). The total number of neurons present was estimated as the number of cells positive for TUJ1 only, TUJ1 and eGFP, and TUJ1 and VGLUT1/2. The number of cells colabeled for TUJ1 and VGLUT1/2 was taken to be the total number of neuronal, glutamatergic cells. The total number of cells was estimated as the total number of neuronal cells plus the number of cells positive for eGFP only, VGLUT1/2 only, GFAP and TUJ1, and GFAP only. Hoechst 33258 stain revealed normal nuclei as well as sparse, tiny puncta of nuclei in dead cells that did not coexpress any of these markers.
In vitro assessment: quantitative real-time PCR. ES cells from three treatment groups (uninduced control at 0 h, 72 h Dox with NTFs, and 5 d Dox with NTFs) were examined using quantitative real-time PCR (qRT-PCR) for the expression of NTF receptors Ntrk1, Ntrk2, Ntrk3 and the ␣ subunit of the GDNF receptor. Additionally, qRT-PCR was performed for Neurog1 and three of its downstream targets upregulated during SGN differentiation: Brn3a, GATA3 and NeuroD1. All TaqMan Gene Expression Assays were purchased from Applied Biosystems.
Cells (5 ϫ 10 5 ) were plated on 0.1% gel-coated 6-well dishes in 80:20 differentiation medium containing Dox and NTFs. Three experimental replicates were performed. At 0 h, 72 h and 5 d, cells were washed with 1ϫ HBSS to remove medium and RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. RNA integrity and concentrations were obtained using the Agilent Bioanalyzer 2100. Only RNA with an integrity number Ͼ9.0 was used. 1 g of RNA from each treatment group was converted to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Each experimental replicate was assessed in triplicate using the ABI PRISM 7900HT Sequence Detection System analyzer for Real Time PCR, which gives a threshold cycle (C T ) number. C T was normalized to the GAPDH housekeeper (Murphy and Polak, 2002) , and then used to calculate fold changes in gene expression using the 2 -⌬⌬C T method (Livak and Schmittgen, 2001 ). Fold changes for the 72 h and 5 d treatment groups were taken as any increase in gene expression compared with uninduced controls at 0 h and were plotted on a log scale.
Preparation of mouse ES cells for in vivo placement. The K9 cell line was grown to 80% confluency in ES cell maintenance medium as described above, and dissociated using Hanks-based enzyme-free cell dissociation buffer (Invitrogen) with 1 mM EDTA into a single-cell suspension immediately before implantation. Cells were resuspended in serum-free differentiation medium without Dox and diluted to a concentration of 5 ϫ 10 4 cells per microliter immediately before implantation. Cell viability was assessed by staining a small sample (Ͻ5 l) with trypan blue before and after the surgeries were completed.
Guinea pig deafening. National Institutes of Health strain guinea pigs (Elm Hill Breeding Lab), weighing 275-315 g, were systemically deafened. Subcutaneous administration of 450 mg/kg kanamycin was followed by anesthesia with ketamine/xylazine then 60 mg/kg ethacrynic acid was administered intravenously (jugular vein) 2 h later. This results in nearly complete loss of inner and outer hair cells and subsequent loss of SGN. Auditory brainstem responses were taken to confirm deafening. In vivo placement of mouse ES cells and neurotrophic factor infusion. ES cells were slowly aspirated into a 30 g needle and 1 ml syringe. The needle was introduced into the lumen of a PE10 cannula, the cannula filled and the needle removed. A glass microliter syringe and 30 g needle filled with saline was then introduced into the PE cannula. The opposite end of the cannula (a modified 33 g needle) was inserted into scala tympani (ST) through a cochleostomy in the base of the cochlea and into the osseous spiral lamina at a ventral angle with a small puncture of the modiolar wall. After a slow bolus injection of 250,000 cells in 5 l, the cannula was left in place for 10 min. It was then replaced by a cannula into ST filled with 25 l of Doxycycline (Bedford Laboratories) at a concentration of 10 g/ml, sufficient for 2 d of Dox infusion. The cannula was attached to an osmotic pump (Alzet; model 2002, 14 d reservoir, flow rate 0.5 l/hr) containing BDNF 100 g/ml and GDNF 10 g/ml for 14 d of delivery and the pump was then implanted subcutaneously on the back (Prieskorn and Miller, 2000) . The pump was changed at 3 d, to allow a total of 27 d of NTF infusion (2 d Dox, 25 d BDNF/GDNF) into the ST. As controls, three animals (GP 6, 7 and 8) received stem cells, but were only infused with BDNF/GDNF without the 2 d of Dox to induce Neurog1.
Fixation and sectioning. Four weeks after intrascalar placement of ES cells (8 -9 weeks after deafening), animals were heavily anesthetized with 0.5 ml of sodium pentobarbital intraperitoneally (FatalPlus; Vortech) followed by transcardiac perfusion with phosphate buffered saline, then 4% paraformaldehyde in phosphate buffer. The cochleae were then carefully removed, membranes of the round and oval windows were opened with a fine tipped forceps, an opening made in the otic capsule at the apex and the cochlea placed into the same fixative for 4 h. Cochleae were then decalcified in 5% EDTA for 5-10 d at 4°C. Cochleae were cryoprotected in increasing concentrations of sucrose in PBS (5-20%) over 2 d followed by PBS/20% sucrose/OCT mixture for 15 min under vacuum pressure. Finally, the cochleae were flash frozen in 20% sucrose/OCT in isopentane cooled in liquid nitrogen. Six micrometer cryostat sections were cut in a paramodiolar plane.
Immunocytochemistry and in situ hybridization. Mid-modiolar sections were identified based on gross visual assessment, generally 25-30 such sections were obtained from each cochlea. Three sections were assessed for eGFP staining only. Three sections (sections 11, 16 and 21) were used for coimmunolabeling with mouse monoclonal antibody to TUJ1 and polyclonal antibodies to vesicular glutamate transporter 1 and vesicular glutamate transporter 2 (both at 1:500). The three adjacent sections were immunostained with polyclonal rabbit antibody to GFAP. Fluorescent in situ hybridization (FISH) localization of mouse genomic DNA and immunostaining for TUJ1 was performed on sequential sections. Semiadjacent sections were also immunostained with polycolonal rabbit antibody to GATA3 or to NeuroD1.
For immunohistochemistry, sections were pretreated with Universal Blocking Reagent (BioGenex) for 10 min at room temperature and then processed for immunocytochemistry as described above. Sections were coverslipped using FluoroMount G (SouthernBiotech) mounting medium. FISH was performed using mouse COT-1 DNA (Invitrogen) to identify mouse genomic DNA. The probe was labeled using digoxigenin-16-dUTP and a nick translation kit (both from Roche Applied Science) following the manufacturer's instructions. To visualize the hybridization signal, slides were incubated with rhodamine labeled anti-digoxigenin (1:200; Roche Applied Science) for 1 h at room temperature in the dark. Sections were colabeled using antibody to TUJ1 (as above) visualized with an anti-mouse antibody conjugated to Alexa 594.
Quantitative assessments of stem cell number. Three sections (sections 11, 16 and 21 from each of the five cochleae) were used for quantitative assessment of colabeling with eGFP, TUJ1 and VGLUT1/2 and adjacent sections (12, 17, 22) for GFAP immunolabeling. Digital images were acquired on an Olympus FV-500 or Zeiss LSM510 confocal microscope and imported into MetaMorph Image Analysis (Universal Imaging) for quantitative assessment. All cells in the profile through the ST in the basal turn that were labeled at least 3ϫ over background were counted as positive. The number of cells immunolabeled for TUJ1 (including those colabeled with eGFP), those labeled with eGFP only plus the number of GFAP immunolabeled cells from the adjacent section was determined for the basal most profile through ST. The percentage of TUJ1 cells with a glutamatergic phenotype was estimated by dividing the number of cells coimmunolabeling with VGLUT1/2 and TUJ1 by the total number of TUJ1 immunolabeled cells. The number of cells that coexpressed eGFP with TUJ1, VGLUT1/2, and GFAP was also determined.
Quantitative assessments of spiral ganglion neurons. The density of remaining spiral ganglion neurons was assessed in the three TUJ1 immunostained sections from guinea pigs 1-5 as well as from three deafened guinea pigs without placement of stem cells, the latter being assessed 4 weeks after deafening. The number of TUJ1 immunostained neurons with a profile through the nucleus was determined in the two basal most profiles through Rosenthals canal and divided by the area of Rosenthals canal to give a measure of SGN density.
Figure 2. Differentiation of ES cells at 24 h, 72 h, and 5 d in vitro.
Photomicrographs illustrate eGFP (green), TUJ1 (red), and VGLUT1/2 (blue) immunostaining in mouse ES cells from three conditions at three times. Cells in A-F received Dox to induce Neurog1 expression, whereas cells shown in G-I were not exposed to Dox (uninduced). Cells shown in A-C and G-I were also supplemented with the NTFs BDNF and GDNF. Fifty percent of cells in both groups forced to express Neurog1 for 24 h expressed the neuronal marker TUJ1 (A, D). Of these ES-cell-derived neurons, approximately half were positive for the glutamatergic markers VGLUT1 and VGLUT2. An additional 24 h of forced Neurog1 expression (48 h total) was followed by an additional day in differentiation medium. At this time point (72 h), 69% of ES cells that received NTFs (B) were neuronal based on TUJ1 staining, compared with 54% that did not receive NTFs (E) (p value Յ 0.0073). Approximately 70% of ES-cell-derived neurons at this time point in both Neurog1-induced groups were glutamatergic. At 5 d (48 h forced Neurog1 expression followed by 72 h in differentiation medium), 56% of cells were TUJ1-positive cells in the Neurog1-induced condition receiving BDNF and GDNF, compared with 45% of cells in the Neurog1-induced group not supplemented with NTFs (p value Յ 0.001). In both Neurog1-expressing groups at 5 d, ϳ75% of TUJ1-positive cells were positive for VGLUT1 and VGLUT2. Uninduced ES cells (G-I) did not express TUJ1 or VGLUT1 or VGLUT2, even in the presence of NTFs.
Results

In vitro results
h in vitro
After 24 h in vitro K9 ES cells growing in neuronal differentiation medium displayed a typical ES cell morphology except many displayed small neurites in both the Dox only and in the Dox plus NTF treatment groups (Fig. 2) . The concentration of Dox used in these studies induced a majority of cells to express the tetinducible Neurog1 transgene based on immunostaining (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The neuronal differentiation observed is consistent with previous reports on the effects of forced Neurog1 expression (Sun et al., 2001; Velkey, 2005) . At this time, 54 Ϯ 8% of ES cells exposed to Dox alone expressed TUJ1, compared with 56 Ϯ 5% of ES cells treated with Dox and NTFs (Fig. 2) . There was nearly complete overlap of TUJ1 and vesicular glutamate transporters VGLUT1 and VGLUT2 immunostaining. TUJ1-positive ES cells (50 Ϯ 7%; with or without NTFs) expressed VGLUT1 and VGLUT2. The ES cells that did not receive Dox did not express TUJ1, VGLUT1 or VGLUT2, nor did they show neurite outgrowth even when treated for 24 h with BDNF and GDNF. No GFAP immunostaining reactivity was observed in any of the four treatment groups at this time. See Figure 4 for summary.
After 72 h in vitro, there was robust neuronal differentiation in Neurog1-induced ES cells, regardless of NTF supplementation. There was a significant increase in the percentage of induced cells expressing neuronal markers when exposed to BDNF and GDNF (69 Ϯ 7%) compared with Neurog1-expressing cells not exposed to these NTFs (54 Ϯ 10%) ( p value Յ0.0073). Substantial neuritic networks formed in the Dox treated groups, but at this stage there was no apparent difference in neurite density between Dox only and Dox plus NTFs. At this time point the percentage of TUJ1-positive ES cells colabeled with VGLUT1/2 had increased in both Dox only (65 Ϯ 5%) and Dox plus NTF (69 Ϯ 7%) groups ( p value Յ0.2493). A very small number of cells expressed GFAP at this point (Ͻ5%). ES cells in differentiation medium without Dox continued to lack evidence of neuronal or glial cell differentiation, and remained morphologically ES-cell like in shape and size.
d in vitro
At 5 d in vitro, the number of GFAP-positive cells increased dramatically, with ϳ30% of cells in both Neurog1-induced groups differentiating into a glial phenotype. After adjusting for GFAPpositive cells that colabeled with TUJ1, 56 Ϯ 3% of cells in the Dox plus NTF group formed neurons based on TUJ1 staining, compared with 45 Ϯ 6% in the Dox-only group ( p Յ 0.001) (Figs. 3, 4) . Based on TUJ1 colabeling for VGLUT1/2, 75 Ϯ 11% of ES cell-derived neurons were glutamatergic in both treatment groups ( p Յ 0.1649). The Dox plus NTF condition appeared to have denser neuritic networks than the Dox only condition (unquantified), but the percentages of GFAP-positive cells in both conditions were approximately equal. Downregulation of eGFP increased between 72 h and 5 d, whereas uninduced cells continued to fluoresce and did not express TUJ1, VGLUT1/2, or GFAP, regardless of NTF treatment.
Gene expression
Expression of Neurog1 was upregulated after Dox treatment, remaining elevated after 72 h but decreasing at 5 d. Large upregulation of Ntrk2 and Ntrk3 (formerly TrkB and TrkC) as well as the ␣ 1 subunit of the GDNF receptor was observed at both 72 h and 5 d after treatment with Dox and NTFs (Fig. 5) . Ntrk1 (formerly TrkA) showed only a small upregulation at 72 h that was no longer observed at 5 d. A large upregulation of Brn3a, GATA3 and NeuroD1, which are all downstream targets of Neurog1 during normal SGN development Karis et al., 2001 ), occurred at 72 h. Expression of Brn3a and NeuroD1 decreased between 72 h and 5 d, suggesting that cells express these transcription factors only transiently, which is consistent with expression profiles during normal SGN development (Fig. 5) .
In vivo results
The in vivo studies used the treatment combination determined in vitro to give the highest percentage of neurons in vivo: 48 h of Dox exposure plus BDNF and GDNF supplementation. NTFs act as survival factors for SGN (Miller et al., 1997; Mou et al., 1997) , and the combination of BDNF and GDNF was expected to further enhance survival of implanted ES cells reaching a SGN-like phenotype over the 4 week assessment period (Ulfendahl et al., 
2007
). This was supported by our recent study showing intrascalar GDNF promoted survival of B5 ES cells placed into ST .
ES cells 4 weeks after placement
Numerous ES cells were present in scala tympani and modiolus of the guinea pig cochlea 4 weeks after implantation. A midmodiolar section typically contained 500 -1000 ES cells, whereas a typical profile through the ST at the basal turn of the cochlear spiral contained 200 -400 ES cells (supplemental Table, available at www. jneurosci.org as supplemental material). The greatest number of ES cells was found in the two basal-most profiles through ST, although ES cells were also seen in more apical profiles of the ST and scala vestibuli (SV) (Fig. 6) . ES Cells were also present among remaining SGN, peripheral processes located in Rosenthal's canal (RC), and central processes in the modiolus (Fig.  7 A, B) . Additional ES cells were present in small numbers around the region of the scar where hair cells formerly resided (Fig.  7C) , as well as in the spiral ligament of the lateral wall.
Undifferentiated ES cells were identified as eGFP positive and were typically small (10 -12 m), round, and most commonly present throughout ST in small clusters (Fig. 6 A, E) . These cells were frequently seen among SGN and peripheral processes but less commonly in the modiolus. Many cells in the ST were positive for TUJ1, but few of these colabeled with eGFP. Cells that coexpressed TUJ1 and eGFP were usually larger than eGFP only cells and displayed a stellate or fusiform morphology typical of neurons (Figs. 6, 7, 8) . A few undifferentiated cells were occasionally found in the scar region, where supporting cells had replaced inner and outer hair cells in the deafened organ of Corti (Fig. 7C,D) , and others had invaded the spiral ligament/lateral wall as well as scala medium.
In situ hybridization of cochlear sections
Immunostaining for TUJ1 identified hundreds of immunopositive cells in profiles through ST in mid-modiolar sections, but most of these did not express eGFP (supplemental Table, available at www.jneurosci.org as supplemental material; Figs. 6, 7, 8) . Previous studies have similarly found stem cells placed into the cochlea downregulate reporters such as ␤-galactosidase and eGFP within weeks after placement (Corrales et al., 2006; Parker et al., 2007) . One approach used XY FISH to identify implanted stem cells in the cochlea (Parker et al., 2007) . We used a comparable approach, by combining immunocytochemistry for TUJ1 and FISH labeling for mouse genomic DNA. The FISH punctate nuclear labeling of Ͼ90% of TUJ1 expressing cells in ST (Fig. 8 A) confirmed that most if not all TUJ1-positive cells seen in other regions (e.g., SV or RC) were of ES cell origin, as well.
Spiral ganglion neurons
The remaining SGN at 4 weeks after deafening had a mean density of 6.7 SGN per 10,000 mm 2 Ϯ 1.0 (SD) compared with the normal density of 9.5 per 10,000 mm 2 Ϯ 0.6 from our normative data base (Miller et al., 2007) . The density was further reduced to a mean of 4.8 per 10,000 mm 2 Ϯ 1.8 in GPs 1-5, suggesting a 
Assessment of ES cell phenotype in vivo
Neuronal, glutamatergic differentiation of ES cells in vivo Numerous TUJ1-positive cells were seen in profiles through the ST and SV (Figs. 6, 7, 8) . Cells that were TUJ1 positive and eGFP negative had a more neuronal appearance compared with cells that coexpressed eGFP, the former displaying large spherical cell bodies and fusiform extensions. Cells in these compartments were considered of ES cell origin based on the high percentage in various compartments that colabeled for mouse genomic DNA (Fig. 8 A) . Some large spindle-shaped ES cell-derived neurons expressed both eGFP and TUJ1 and were present among SGN. These cells were often present in modiolar locations atypical of native SGN, suggesting they may be of ES cell origin (Fig. 7A-C) .
Sections that were colabeled for VGLUT1/2 and TUJ1 with eGFP were used for quantitative evaluation. An estimate was made of the number of ES cells in the most basal ST profile reaching a neuronal phenotype based on TUJ1 immunostaining by dividing the number of TUJ1-positive neurons in the profile by the total of TUJ1-and eGFP-only-positive neurons plus the number of GFAP-positive cells (taken from the adjacent section). Results are shown in Figure 9 and supplemental Table, available at www.jneurosci.org as supplemental material. The percentage of TUJ1-positive cells ranged from a low of 52% (GP 1) to a high of 78% (GP 4), with a mean across the five experimental guinea pigs of 66%. These results are summarized in Figure 9 and supplemental Table, available at www.jneurosci.org as supplemental material. This compares to 56% of stem cells reaching a neuronal phenotype with comparable treatments by 5 d in vitro (Fig. 4) .
Colabeling for TUJ1 and VGLUT1 and VGLUT2 (Fig. 8C ) was used to determine the percentage of ES cells with a glutamatergic phenotype in the basal-most profiles of ST. ES cell-derived neurons expressing VGLUT1/2 ranged from 72% (GP 2) to 89% (GP 5), with a mean across the five guinea pigs of 79%. This compares very closely to the 75% of ES cell-derived neurons considered glutamatergic after comparable treatments in vitro.
The percentage of ES cells reaching a neuronal phenotype was significantly lower in the three animals that did not receive 2 d of Dox to induce Neurog1 expression . In a recent study, B5 stem cells received intrascalar GDNF after placement into ST, but these cells did not contain the Neurog1 transgene. The percentage reaching a neuronal phenotype (27%) was well below what was observed in GP1-5 with forced Neurog1 expression .
Immunostaining for downstream targets of Neurog1
Large numbers of GATA3-positive cells were found in profiles through ST, many of which colabeled for TUJ1 (Fig. 8 E-G) . There were also a few GATA3-immunopositive cells that did not colabel with TUJ1, whereas colabeling of GATA3 with eGFP was rare. Fewer stem cells were immunopositive for NeuroD1 and these were more likely to colabel with eGFP than TUJ1 (Fig. 8 D) .
GFAP immunostaining (astrocyte differentiation)
In 4 of the 5 Neurog1 induced animals (GP2-5), Ͻ8% of ES cells in basal ST profiles were positive for GFAP, an astrocyterestricted intermediate filament and glial phenotype marker (Fig.  8 B) . The three control animals that received stem cells without Neurog1 induction had similar percentages of GFAP-positive ES cells (Ͻ8%). In one animal (GP 1), however, 39% of cells were GFAP positive ( Fig. 9 ; supplemental Table, available at www. jneurosci.org as supplemental material). Most of the GFAPpositive cells were not colabeled with eGFP, suggesting that expression was downregulated during differentiation into a glial phenotype, as was seen in vitro. The UbC promoter used to drive eGFP expression was likely methylated during differentiation as observed in vitro.
Discussion
The proneural bHLH transcription factor Neurog1 has previously been shown to strongly promote neuronal differentiation in precursors of various germ layers (Sun et al., 2001; Kim et al., 2004 Kim et al., , 2008 . Neurog1 is also critical for SGN differentiation during development, but the only experimental evidence linking it to glutamatergic specification has come from knock-out models, where Neurog1 was found to play a role in glutamatergic vs gabaergic fate choice (Schuurmans et al., 2004 ). In the current investigation, differentiation was controlled in vivo and in vitro using a stepwise protocol in which the Neurog1 transgene was induced, followed by application of neurotrophic factors known to act on receptors downstream of Neurog1. This enabled implantation of undifferentiated ES cells with differentiation induced subsequent to placement with the hope that implanting undifferentiated cells would bypass the immune response.
We show that physiologically relevant 48 h expression of Neurog1 efficiently promotes ES cell differentiation into a glutamatergic, neuronal phenotype (56% in vitro and 66% in vivo) . This is a basic requirement for auditory nerve replacement, because SGN primarily rely on glutamate for transmission of sensory information to the CNS (Eybalin, 1993) .
Inclusion of NTFs may have provided additional support for SGN-like cell survival (Mou et al., 1997; Shepherd et al., 2008) , although others have shown that they can also function to enhance differentiation (for review, see . It is known that cochlear electrical stimulation can also enhance SGN survival in synergy with NTF application (for review, see Green et al., 2008) , and stimulation may promote neuronal differentiation in ES cells in vitro (Yamada et al., 2007) . We found that in vitro application of BDNF and GDNF resulted in a slight increase in neuronal differentiation after Neurog1 expression (56% compared with 45% without NTFs at 5 d) and caused a notable increase in neurite outgrowth, although the latter was not quantified.
The mechanism of BDNF and GDNF action is likely by upregulating NTF receptors by SGN-specific transcription factors Brn3a, NeuroD1, and GATA3. This process has been documented in development Calella et al., 2007) , and we observed that with differentiation, ES cells expressed these markers both in vitro and in vivo. The expression of the GDNF receptor, along with BDNF receptor Ntrk2 and NT-3 receptor Ntrk3, remained elevated by 5 d, whereas Ntrk1 was lost at 5 d after a slight upregulation at 72 h. This provides further evidence that Neurog1-induced ES cells are SGN-like, as a majority of vertebrate VIII th nerve ganglia express Ntrk2 and Ntrk3 and to a lesser extent Ntrk1 depending on the species (Don et al., 1997; von Bartheld and Fritzsch, 2006; Catania et al., 2007) .
Previous studies aimed at inducing differentiation of uncommitted precursors in the cochlea found that a majority of cells became glia rather than the target neuronal phenotype (Hu et al., 2004 (Hu et al., , 2005a Tamura et al., 2004; Nicholl et al., 2005; Coleman et al., 2006 Coleman et al., , 2007 Corrales et al., 2006; Parker et al., 2007; Ulfendahl et al., 2007) . In our studies, we found only one of the five experimental animals had a significant percentage of GFAPpositive cells, with 30% reaching a glial phenotype, whereas the other four animals had Ͻ1%. In the Dox-treated groups at 72 h in vitro, various glial-like derivatives began populating the dish at percentages similar to the one in vivo outlier (ϳ30% of cells under both conditions were GFAP positive, indicating BDNF and GDNF did not influence gliogenesis). Glial cells of the inner ear, however, derive from neural crest cells (Jessen and Mirsky, 2005) , a different subpopulation of neural precursors than those that form the spiral ganglion.
The introduction of factors to prolong ES cell survival at this time point likely influenced the presence of additional neural phenotypes in the dish. The knock-out serum replacement added to the medium contains bone morphogenetic proteins, which may have influenced astrocyte differentiation in the present study (Mabie et al., 1997; Gossrau et al., 2007; Imura et al., 2008) . The emergence of glia at this time is consistent with the role of proneural bHLH factors in promoting neurogenesis while inhibiting gliogenesis, the latter proceeding once bHLH inhibition has been lifted (Ma et al., 1998; Nieto et al., 2001; Sun et al., 2001) . It is clear from our studies that a subpopulation of ES cells does not terminally differentiate by 72 h and can be influenced by components in the medium to differentiate into an astrocyte phenotype.
Random integration of the eGFP transgene resulted in downregulation with differentiation, likely via normal epigenetic mechanisms that silence foreign DNA. This problem might be alleviated by using stronger promoters (Chung et al., 2002; Hong et al., 2007) , but whether these will remain constitutively active during differentiation with Neurog1 is not likely. More promising approaches would be to use an insulator, a special class of DNA placed upstream of a promoter to prevent heterochromatin-mediated downregulation of the transgene (Geyer and Clark, 2002) , or targeted expression in a constitutively active site in the mouse ES cell genome. Downregulation of eGFP complicated identification of implanted ES cells after differentiation, particularly when the cells become integrated into native tissue containing neurons and glia that are positive for the same neural markers. ES cells could be identified using a Y chromosome marker (Parker et al., 2007) , because this cell line was derived from a male mouse blastocyst, but this would only enable identification of nuclei, not neurites emanating from cells of ES origin. One potential approach to visualizing fine cell processes would be to employ a construct in which the microtubule-associated protein Tau is fused with a fluorescent reporter, thereby remaining anchored to the cytoskeleton of ES cells as they differentiate (Pratt et al., 2000; Wernig et al., 2002) .
Degeneration of the auditory nerve occurs subsequent to the loss of inner hair cells (Webster and Webster, 1981) , and neither cell type is normally replaced by any endogenous mechanisms. Some restoration of hearing can be obtained from a cochlear implant (also known as cochlear prosthesis), which bypasses IHC function through coding acoustic stimuli into an electrical impulses delivered directly to remaining auditory nerve. Cochlear implant performance, however, depends on the amount of auditory nerve remaining (Pfingst, 1990; Kileny et al., 1991; Blamey et al., 1996; Skinner et al., 1997; Incesulu and Nadol, 1998; Rubinstein et al., 1999; Miller et al., 2000) . At the same time, a more substantial loss of SGN experimentally may enhance migration and survival of implanted ES cells, possibly attributable to the elevated expression of trophic factors in the damaged cochlea (Corrales et al., 2006; Sekiya et al., 2006; Ulfendahl et al., 2007) . Replacement of auditory nerve using an approach similar to the one we have outlined could therefore be of great value to those with little or no nerve remaining. Our results demonstrate that recapitulating developmental cues can promote differentiation of ES cells toward a phenotype expressing markers of SGN development. We show this differentiation occurs at high percentages both in vitro and without inducing an immune response in vivo. Future in vivo and in vitro studies are necessary to determine if these ES-cell-derived neurons are capable of functional integration to replace auditory nerve and improve the efficacy of cochlear prostheses. The mean for each cell type was determined for each subject, and from this a mean across subjects was obtained. The number of cells that coexpressed TUJ1 and VGLUT1/2 was divided by the total number of TUJ1-positive cells, to obtain the mean number of ES cell-derived neurons that were glutamatergic. On average, 79 Ϯ 7% of neurons were glutamatergic based on VGLUT1/2 immunostaining.
